This study presents the assessment of the quality of speech intelligibility of two Malaysian mosques and the results are used to develop a set of general acoustical guidelines to be used in the design of a mosque. Two mosques were selected for the research: Masjid UPM and the Masjid Jamek. The objective of the research is to enable the comparison of the acoustics and speech intelligibility between the mosques as function of the size, volume, occupancy and other parameters of the main prayer hall on the acoustic and speech intelligibility of the respective mosques. The reverberation time (RT60), speech level (SL), background noise (BN), signal-to-noise ratio (S/N ratio) were determined and are used to develop the speech transmission index (STI) and rapid transmission index (RASTI) prediction models for both mosques. It was observed from the results that the RT60, STI and RASTI values shows better performance over number of occupancy for both mosques. Furthermore, the BN and SL results were visualized using the spatial distribution patterns (SDP) of the main hall. The results of the analysis show that the overall acoustic and speech quality of Masjid Jamek is better when compared to the overall acoustic and speech quality of Masjid UPM. These results are then used to develop a set of design recommendations to ensure adequate speech intelligibility quality a mosque.
Introduction
A mosque is a place of worship that allows Muslim worshippers to perform congregational prayers, and listen to sermons; activities which mainly involves listening to human speech. Thus, the primary objective when considering the acoustical property of a mosque is to improve its speech intelligibility. The study of the acoustical properties of a mosque have largely been neglected and have not received as much attention in the literature when compared to other places of worship such as churches [1, 2] . Furthermore, the acoustic characteristics of a mosque are typically not considered in the design stages, more importance being placed on other aspects of the design [3] and no design recommendations currently exist to ensure adequate speech intelligibility quality for a mosque. Previous architectural acoustic research has typically focused on concert halls, auditoriums and opera houses. The lack of acoustical consideration in the design of a mosque becomes more glaring given the advances in modern construction techniques that allows for bigger and more complex shaped mosque to be built, resulting in a potentially extremely low acoustical standards that would necessitate the rebuilding of the entire mosque [4] .
The UPM Mosque is among one of the larger mosque in Malaysia with a main prayer hall of approximately 52000 m 3 in volume. The design consists of a chamfered rectangular main hall supporting a relatively (in relations to the volume of the prayer hall) small dome in the middle. In comparison, there is an older and smaller (575 m 3 ) mosque located approximately 2 km away from Masjid UPM, called Masjid Jamek. Both mosques are typical of mosques found in Malaysia and to the authors' best knowledge, no acoustical assessment has been made on the speech intelligibility of mosques, especially in Malaysia. The objectives of this study is to determine the speech intelligibility quality of the two abovementioned mosques, compare the acoustic properties of the mosques, determine the acceptable background noise level for adequate speech intelligibility and develop a set of general acoustical design guidelines [5, 6] .
Methodology
The data collection for the study was carried between December 2007 and May 2008. Initial investigation focused on studying the mosques' architectural plans and furnishings specifically on the main prayer hall. The room acoustic parameters: reverberation time (RT60), speech level (SL), background noise (BN), signal-to-noise ratio (S/N ratio), speech transmission index prediction model (STI) and rapid transmission index prediction model (RASTI) values were then determined [5] .
The SL and BN measurements were obtained using TENMA 72-860 sound pressure level (SPL) meter. The SL and BN values were measured at various locations inside the main prayer. Since the design and volume were distinct for both mosques, 69 positions in the main prayer hall of Masjid UPM and 88 positions in the main prayer hall of Masjid Jamek were selected for placement of the SPL. The SPL meter was placed close to the floor with same length apart 1 meter and 5 meter respectively, approximating the position of the occupant during service. The measurements were carried out when the main prayer hall was relatively empty and the constant climate temperature at 27 o C were assumed not affecting the values. Two conditions were applied for the BN measurements: fans not operating (ambient noise) and fans operating. A software was used to generate samples of audio tone for the SL assessment.
The S/N ratio values were determined using the method outlined by Ngasri and Rafidah [2] while the RT60 values were determined using Sabine's metric formula as given by Rossing [6] . The STI values of each mosque were determined using the method also outlined by Rossing [6] and utilized the RT60 and S/N ratio values measured for each mosque. The modulation frequencies used are in Hz: 0.63. 0.80, 1.00, 1.00, 1.25, 1.60, 2.00, 2.50, 3.15, 4.00, 5.00, 6.30, 8.00, 10.00 and 12.50. The modulation reduction factor is calculated at each octave bands of 250 Hz, 500 Hz, 1000 Hz, 2000 Hz and 4000 Hz. The RASTI values were also determined to allow comparison with the STI values to be carried out.
Results and Discussions
Physical inspection shows that Masjid UPM's main prayer hall is a semi-enclosed chamfered rectangular space. Both side walls consist of entrances featuring movable grills. A large concrete dome of approximately 18.4 meter in diameter is located approximately at the center of the main hall. In comparison, Masjid Jamek is a smaller and fully enclosed rectangular space. Externally there is a small decorative dome located on top of the roof, though internally it has no connection to the main hall. Sliding glass doors and windows are located on all walls of the main hall for Masjid Jamek. In general, the main halls for both mosques are made of similar materials: reinforced concrete, with ceiling panels, partially carpeted marble floors for Masjid UPM and fully carpeted floors for Masjid Jamek. Details on the building materials used for specific areas of both mosques are given in Table 1 . Table 1 showed that the floor area of Masjid UPM is almost 30 times the floor area of Masjid Jamek. The discrepancy between the total floor area of Masjid UPM and its ceiling area is due to the presence of the dome.
The value of measured background noise from both Masjid UPM and Masjid Jamek is given in Table 2 . It is observed that the noise generated from the fans have a significant impact on the BN levels at both mosques. The average BN levels with the fans operating at Masjid UPM and Masjid Jamek is 63.0 dB(A) and 55.9 dB(A) respectively as compared to the average noise level of 48.6 dB(A) and 35.2 dB(A) respectively at both mosques when the fans are not in operation. Recommended guideline suggest that the B/N values for ideal speech intelligibility is around 35 dB(A) [7] . Data shows that Masjid Jamek meets the suggested guideline for background noise when the fans are not operating but does not meet the guideline when the fans are operating. Meanwhile, Masjid UPM does not meet the guideline for BN levels regardless of the fan conditions. This is theorized to be due to the ambient noise surrounding Masjid UPM and also the fact that its main hall is a semi-enclosed space as opposed to being a fully enclosed space.
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Advances in Mechanical and Manufacturing Engineering The SL values at Masjid UPM and Masjid Jamek were determined according to AS/NZS 2107:2000 (2000) [8] are shown in Table 2 . The SL values for both Masjid UPM and Masjid Jamek are within the range for comfortable hearing, scoring an average of 82.7 dB(A) and 80.3 dB(A) respectively. It must be noted that these SL values were enhanced by loudspeakers and it was determined that the SL values are highly correlated to the proximity to the loudspeakers. However, it must also be noted that some of these SL results exceeds 85 dB(A), a level which would start causing damage to human hearing over-long term and continuous exposure [9] .
The S/N values for both mosques are given in Table 2 . From the results, it can be observed that both mosques were able to meet the S/N minimum requirement of 6 dB(A) and both are above 15dB(A) for improved speech intelligibility [10, 11] . However, the S/N values fails to meet the guidelines given by AS/NZS 2107:2000 that requires higher S/N minimum value of 35 dB(A) and a recommended S/N value of 40 dB(A) to fulfill the criteria for a place of worship. It must also be noted that these S/N values have already been amplified by loudspeakers for both mosques, suggesting that efforts to reduce the background noise would result in improved speech intelligibility at both mosques. To more accurately determine the pattern of behavior of the S/N results, spatial distribution patterns (SDP) of the S/N values were developed for each mosque. The SDP of Masjid UPM is shown in Fig. 1(a) while the SDP of Masjid Jamek is shown in Fig. 1(b) . The lower minimum and suggested values provided by Bradley [10] and JB Professional [11] were used to evaluate the SDP at each mosque. Each S/N values were assigned to one of three ratings; 'poor', 'minimum' and 'recommended'. The SDP for Masjid UPM shows that the recommended rating zones are congregated close to the front wall (also called the Qibla wall) of the mosque and the upper half of the main hall. The minimum rating zones are located at the lower half area of the main hall while the poor rating zones are located in the corners, especially the lower corners of the prayer hall. The inconsistently distributed pattern of the S/N shows that Masjid UPM suffers from lower speech intelligibility in certain areas than others. In contrast, the SDP for the main prayer hall of Masjid Jamek exhibits a more uniform distribution of S/N values since the whole main prayer hall falls within the recommended zone rating. (Note that the legend for each SDP is different). This indicates that Masjid Jamek has better speech intelligibility when compared to the speech intelligibility of Masjid UPM. An intriguing aspect of the SDP for Masjid UPM is the zone of lower S/N in the center of the main prayer hall. This zone coincides with the location of the dome of Masjid UPM. This reduction in the S/N values would seem to indicate that the dome, specifically the volume enclosed by the dome seem to plan a significant effect in reducing the speech intelligibility under the area directly below the dome and also in the area behind it. Though the exact mechanism by which the S/N values are reduced is not explored in this project, it does however point to the need for further investigations on the effect of domes on the resultant reduction in the speech intelligibility of mosques.
The RT60 values for random incidence for both Masjid UPM and Masjid Jamek were computed and are presented in Table3. The RT60 values for Masjid UPM shows an overall decrease as the number of occupants within the prayer hall increases. This decreasing trend is evident for all frequency values. The RT60 values for Masjid Jamek were significantly lower and also show an overall reduction as the number of occupants increase. The RT60 values for Masjid Jamek were satisfactory (below 1.5 seconds) for all frequencies according to AS/NZS 2107:2000 standard [8] . In comparison, the RT60 results for Masjid UPM only start to approach satisfactory values at higher frequencies and at the maximum number of worshippers under consideration. This high RT60 values is in spite of the semi enclosed property of the main hall acting to reduce the RT60 values according to Rossing [6] and the presence of absorbing materials according to Ngasri and Rafidah [2] . The RT60 values can be potentially improved by having directional loudspeakers closer to the occupants as advocated by Mallou [5, 12] .
The STI and RASTI for Masjid UPM and Masjid Jamek were determined and are given in Table  3 . In general, the STI and RASTI values were rated into one of four ratings: "Poor", "Fair", "Good" and "Excellent" depending on its values. None of the mosques achieve a rating of Excellent. The STI values of Masjid UPM shows a Poor rating only when empty and changing to Fair when the main prayer hall is occupied. Meanwhile, the STI values for Masjid Jamek shows a consistently Fair rating for all conditions. The RASTI values for Masjid UPM shows a consistently Poor rating regardless of the number of worshippers. Meanwhile, the RASTI values for Masjid Jamek shows a consistently Good rating. Both the STI and RASTI values indicate that Masjid Jamek possesses better speech intelligibility when compared to Masjid UPM. The results points to the fact that the volume of space being and important aspect in determining the speech intelligibility of mosques. 
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This makes sense since speech is able to be transmitted more easily in a smaller space than in a bigger space. From the results of studying the acoustic properties of Masjid UPM and Masjid Jamek, a brief acoustic design guideline for mosques was developed. It must be noted that this guideline is based on the data from only two specific mosques in Malaysia, limiting the accuracy of any generalization thereof. Furthermore this guideline is only intended to ensure adequate intelligibility of the mosque. It is realized that other considerations typically take precedence when designing a mosque, specifically the main prayer hall. The guidelines for improved speech intelligibility are: minimize the volume of the main prayer hall, enclose the main prayer hall as much as possible and separate the volume of space enclosed by the dome from the volume of space enclosed by the main prayer hall. 
Conclusions
The assessment of acoustic and speech intelligibility at Masjid UPM and Masjid Jamek were successfully carried out. The BN values at both mosques were determined to be higher than recommended levels; however the speech level was adequate enough for listeners to hear comfortably. The SDP in Masjid UPM shows non-uniform S/N distribution while the SDP Masjid Jamek shows a more uniform S/N distribution indicating Masjid UPM's lower acoustic quality. The RT60 results showed that Masjid Jamek possesses better reverberation time values than Masjid UPM. Similarly, the STI and RASTI values indicate that the speech intelligibility at Masjid Jamek is more satisfactory rather than at Masjid UPM. The study also revealed the volume of the main prayer hall plays an important role in determining the acoustical quality of the mosque and general acoustic design guideline to be considered at early stage of mosque design was presented.
